Scratch tests and pin-on-disk wear tests were performed to clarify the cracking and delaminating behavior of CrN coatings. The CrN films were coated onto an aluminum alloy substrate, JIS A2024, by an arc ion plating method. Eight types of single-layered coating and multilayered coatings were prepared by changing the bias voltage during the deposition. L CI and L CII values were not improved by increasing the number of layers. The critical loads of the single-layered coatings decreased with increasing the bias voltage. It appears that, for the multilayered coatings, the combination of bias voltages influenced the critical loads. The critical loads strongly depended on dynamic hardness and Young's modulus. In particular, the critical loads of the multilayered coatings were influenced by the properties of the intermediate and bottom layers as well as the surface roughness, hardness and Young's modulus of the top layer. The large film delamination for single-layered coatings deposited using a high bias voltage occurred during pin-on-disk wear tests even though the critical loads of the single-layered coatings were higher than those of the multilayered coatings. If the brittle top layer could be broken and delaminated by the sliding contact, the ductile bottom layer coated under a bias voltage of 0 V could endure the complete delamination of film.
Introduction
Aluminum alloy is widely used for various machine parts because of its high specific strength and good workability. Because aluminum alloy also has a low wear resistance, its surface needs to be modified. Usually, the anodic oxidation method is applied to improve the wear resistance of aluminum alloy (1) , (2) . The anodic oxidation method produces a highly hardened surface, but it is difficult to maintain the dimensional accuracy of the parts because of the marked change in dimensions.
Physical vapor deposition (PVD) methods are used to improve the tribological properties of working tools and machine parts. Because PVD coating is normally performed at 573 K, machine parts are scarcely influenced by the coating heat. TiN, CrN and diamond like car-bon (DLC) films are coated by PVD coatings. CrN film has a good wear resistance (3) , (4) , corrosion resistance (5) , (6) , oxidation properties (7) , (8) and thermal stability (9) . Many researchers have studied the tribological properties of CrN (10) - (12) . Martinez et al. (10) have reported that for nanometric CrN/Cr multilayers, the tribological behavior depends on the film properties, coating-substrate interface and substrate mechanical properties. Lee et al. (11) have predicted the wear life of a TiN coating using the results of indentation, scratch and repeated sliding tests.
In this study, CrN film has been deposited onto an aluminum alloy substrate under various bias voltages using an arc ion plating method. The influence of the bias voltage on the bonding strength between the CrN coating and the aluminum alloy substrate has been evaluated by a scratch test and a pin-on-disk wear test. Then the influence of the multilayered coating on the cracking and delamination of the film is discussed.
Experimental Procedure
The substrate material of the specimens was JIS A2024 T4 aluminum alloy containing HV 151. The chemical compositions of this material are 4.5% Cu, 1.5% Mg, 0.59% Mn, 0.28% Fe, 0.11% Si, 0.02% Cr, 0.02% Zn, 0.02% Ti and 0.02% Ti+Zr. The substrate for coating was machined to a disk of 20 mm diameter and 10 mm height. Each specimen was mechanically polished using #150 -#1500 emery papers and 0.02 µm colloidal silica, and then ultrasonically cleaned in acetone.
CrN film was deposited onto the substrate by the arc ion plating (AIP) method using AIP201 equipment (Kobe Steel Ltd.). For CrN film deposition, the specimen was put into a vacuum chamber, which was hung from a holder using stainless wire during deposition. The distance between the target and the specimen was 100 mm. After the vacuum chamber was evacuated using a vacuum pump to 3.3×10 −3 Pa, the deposition process was started. Details of the deposition process are as follows: Firstly, the specimen surface is cleaned up by ion bombardment at a bias voltage of −700 V for 1 min with no heating. Then it is cooled in the chamber for 60 min because the temperature exceeds 373 K by ion bombardment. It is important during this cooling to maintain the temperature below approximately 473 K, which is the softening temperature of the aluminum alloy. The coating of CrN film was carried out three times using a Cr target (purity 99.99%) and nitrogen gas. Negative bias voltage was applied to the substrate during the coating process. The coating conditions were an arc current of 60 A, a nitrogen gas pressure of 3.0 Pa and a bias voltage of 0 -60 V. Each coating process was carried out for 30 min with subsequent cooling for 120 min. Furthermore, multilayered films of CrN were produced by changing the bias voltage in each coating. The coating conditions and film thickness are shown in Table 1 . For sample Nos. 1 -4, the CrN films were coated under a constant bias voltage. For sample Nos. 5 -8, the multilayered CrN films were coated using various bias voltages for each layer. The temperature of the specimen, which was directly measured by a thermocouple attached to a dummy specimen in Fig. 1 Optical microscopy images of scratch tracks for single-layered coatings the vacuum chamber, was below 473 K during the coating process. Film thickness was measured using a surface profilometer (Vecco Instruments, Dektak 3 ). Surface roughness was measured using the surface profilometer. Hardness tests were performed using a Shimadzu dynamic ultra-microhardness tester (DUH201W) with a load of 49 mN and Young's modulus of the film was calculated from the load-unload curve. Scratch testing was performed using a CSEM Revertest scratch tester with a conical-spherical diamond indenter (50 µm radius tip) and critical loads of cracking (L CI ) and of partial delamination of the film (L CII ) were determined by observation of scratch tracks.
Pin-on-disk wear tests were performed to estimate the tribological properties of the coatings. A bearing steel ball (JIS SUJ2) was selected for a pin 6 mm in diameter. Wear tests were performed under a sliding velocity of 250 mm/sec up to a sliding distance of 5 000 m unless film delamination occurred. The normal applied load was 10 N. Disc mass loss was measured using an electrical balance.
Experimental Results

1 Scratch test results
1. 1 Single-layered coatings
The scratch track images of single-layered coatings were observed by optical microscopy. Figure 1 shows features of modes I and Table 1 Coating conditions II in the scratch track for sample Nos. 1 -4. In Fig. 1 Critical load was evaluated on the basis of optical microscopy observations. Figure 2 shows the critical load for single-layered coatings and multilayered coatings. In dicates the partial film delamination load, also decreases with increasing bias voltage. Figure 3 shows features of modes I and II in the scratch track for multilayered coatings. There are different features of scratch tracks between the single-layered coatings and the multilayered coatings. For sample No. 5, the collapse of film indicated by mode I is observed on both borders of the scratch track with many cracks. Sample No. 6 shows many cracks of mode I but there is no collapse on both borders. The cracking behavior of mode I for sample No. 7 is quite different from those for sample Nos. 5 and 6. The distance between adjacent cracks for sample No. 7 is approximately 40 -50 µm. This is larger for sample No. 7 than for sample Nos. 5 and 6 in which the crack distance is less than 5 µm. For sample No. 8, the scratching feature is similar to that of sample No. 1 which was coated under nonbias voltage. The film delaminations of mode II for multilayered coatings are shown in Fig. 3 (e) -(h). These features are similar to those of the single-layered coatings of sample Nos. 2 -4. Figure 2 shows also the critical loads of scratch tests for multilayered coatings. As shown in Fig. 4 (a) and (b) . In particular, the film surface of 0 V is always covered by small particles with sharp edges (Fig. 4 (a) ). The surface roughness R a tends to increase with decreasing bias voltage, this would be caused by the difference in droplet distribution. AFM observation was performed on the single-layered films. The AFM observation results are shown in Fig. 5 . It is obvious that the CrN films coated under the bias voltages of 40 V and 60 V have smooth surfaces and only a few particles are observed on the film surfaces. Thus, the bias voltage strongly affects the nanosized surface morphology of the film even though the difference in surface roughness is small.
1. 2 Multilayered coatings
2. 2 Multilayered coatings
For multilayered coatings, the film surface morphology depends on the bias voltage of the top layer. When the bias voltage of the top layer increases, the film surface becomes smooth. However, the influence of bias voltage on surface roughness is smaller than that in the case of a single layer.
3 Hardness and Young's modulus
The hardness and Young's modulus of the CrN film were measured using a dynamic ultra-microhardness tester. These results were obtained by averaging 20 points. Young's modulus shows the same behavior as dynamic hardness.
For single-layer coatings (sample Nos. 1 -4), a higher bias voltage coating exhibits a higher Young's modulus. For multilayer coatings (sample Nos. 5 -8), Young's modulus depends on the combination of bias voltages.
4 Tribological properties
The pin-on-disk friction and wear test results are summarized in Table 2 . Most of the samples were tested to 5 000 m without delamination of the film. However, the tests of sample Nos. 3 and 4 were stopped at a sliding distance of less than 100 m because the macroscopic delamination of the films occurred, as shown in Fig. 8 . For sample Nos. 3 and 4, the films were fractured brittlely and collapsed by the sliding contact of the ball. The shape of the delamination edge was semicircular and film delamination occurred along the sliding direction. It is considered that the film was deformed by normal load and then the film was broken by bending stress. It appears that the film fracture and delamination for sample Nos. 3 and 4 were related to their low critical load, as shown in Fig. 2 . However, although the critical loads of sample No. 7 were lower than those of sample Nos. 3 and 4, the crack and delamination sample was not observed in the wear track of sample No. 7.
Sample Nos. 2 and 5 -8 showed almost the same specific wear rate as the ball. Only for sample No. 1 was a high wear rate obtained. The specific wear rate for multilayered coating disks was influenced by the combination of bias voltages and the surface conditions of the top layer. In the case of multilayered disks, wear rate de- creased when the top layer was deposited under a high bias voltage (sample Nos. 6 and 7). However, for the singlelayered coatings, wear rate increased with bias voltage.
Discussion
1 Influence of bias voltage on scratch behavior
As shown in Fig. 2 , it is clear from the scratch test data that bias voltage strongly influences the critical loads of the single-layered coatings. High-bias-voltage deposition results in a decrease in critical load. Dynamic hardness and Young's modulus are also affected by bias voltage, as shown in Figs. 6 and 7 . Therefore, it is considered that the critical loads depend on the dynamic hardness and Young's modulus of CrN film. Figure 9 shows the relationship between dynamic hardness and critical load for single-layered coatings. Both L CI and L CII are markedly reduced to 6.6 N and 14.2 N, respectively, when dynamic hardness increases. When the dynamic hardness DH is over 800, these values hardly depend on dynamic hardness. Figure 10 Fig. 2 
Conclusions
Scratch tests and pin-on-disk wear tests were performed to clarify the cracking and delaminating properties of CrN coatings. The CrN film was coated onto an aluminum alloy substrate by the arc ion plating method. The obtained results can be summarized as follows.
( 1 ) The L CI of the single-layered coatings decreased with increasing bias voltage. The critical load at the partial delamination, L CII , also decreased with increasing bias voltage. L CI and L CII did not improve by multilayered deposition, but the influence of the combination of bias voltages clearly appeared for critical loads.
( 2 ) In the case of single-layered coatings, the dynamic hardness and Young's modulus of the CrN film increased with increasing bias voltage. In the case of multilayered coatings, the roughness, hardness and Young's modulus were strongly affected by the properties of the top layer and were also influenced by the deposition order. The top layer could be broken and delaminated by the sliding contact, because of its brittle property. However, since the bottom layer was coated under 0 V, the bottom layer might have ductility and flexibility and might endure the complete delamination of film.
